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Adaptive immunity depends on antigen-specific acti-
vation of resting lymphocytes. Using high-resolution
live-cell imaging, a single ligand has been found to
trigger a biochemical response in T cells. On the basis
of this and other recent findings, a ‘pseudodimer’ with
one foreign- and one self-antigen-engaged receptor
linked via a CD4 molecule has been proposed as the
fundamental unit of effective T-cell signaling. 
CD4+ T cells have a central role in antigen-specific
adaptive immune responses and the key regulator 
of their activation to effector function is the clonally
distributed T-cell antigen receptor (TCR). The TCR
expressed on CD4+ T cells recognizes peptide frag-
ments of self or foreign proteins bound to products of
the class II loci of the major histocompatibility complex
(MHC) that are displayed on the surface of antigen-pre-
senting cells (APCs). Useful immune responses pre-
sumably require T-cell activation by low numbers of
pathogen-derived ligands, but how small this number
can be in the limit is a matter of debate, with previous
estimates for CD4+ T cells in the range of a few
hundred. In a stunning technological achievement,
Irvine et al. [1] have now refined the live-cell imaging
methods pioneered in the Davis lab to permit precise
enumeration of peptide–MHC ligands on the surface of
an individual APC and measurement of the Ca2+
response of a single T cell upon interaction with that
antigen-bearing membrane. They present convincing
data that even one ligand can evoke a measurable
intracellular response, provided that the pan-MHC
class II binding molecule CD4 is available to co-
operate with the antigen-specific TCR.
Effective intracellular signals arising from low-affin-
ity TCR and CD4 interactions with self-peptide–MHC
class II ligands are essential for successful differenti-
ation of CD4+ T cells in the thymus [2]. Weakly
binding self-ligands also promote the functionality of
mature T cells [3,4], but by themselves they are
unable to generate the biochemical changes ade-
quate for full activation of these peripheral lympho-
cytes. More strongly binding foreign ligands can
induce the sustained signals required for triggering
naïve and memory T cells, but the quantitative
aspects of T-cell activation and in particular the stoi-
chiometry of receptor binding necessary for effective
signaling remain murky. Although some data suggest
the possible existence of oligomeric peptide–MHC
ligands on cell surfaces, most investigators consider
these ligands to be functionally monomeric, raising
the question of how TCR-dependent signaling involv-
ing protein tyrosine kinases is initiated.
Two different models have been proposed for the
minimal protein assembly involved in lymphocyte
signal generation. Dinztis and coworkers [5] used arti-
ficial synthetic polymers to probe the requirements for
activation of T cells, reaching the conclusion that
some 10–20 engaged antigen receptors spaced about
100 Å apart form a minimal triggering unit termed the
‘immunon’. Such local clustering models have domi-
nated thinking about T-cell signaling for decades, with
the most recent data suggesting that TCR dimers or
trimers are the minimal signaling unit for CD4+ T cells
[6,7]. It is important to note that this TCR clustering
model does not include a central role for the MHC
class II-binding, peptide-unspecific CD4 coreceptor in
the signaling process. 
A second model involves heterodimerization of a
ligand-engaged TCR with the CD4 co-receptor, which
would recruit the key Src-family kinase Lck to the TCR
complex and promote signaling because Lck was
either already active or engaged in transphosphoryla-
tion reactions with another kinase molecule present in
the TCR complex [8]. In this case, even a single
peptide–MHC class II complex might be sufficient for
initiating signaling, as reported for stimulation of CD8+
T cells by their peptide–MHC class I ligands [9,10].
The two models differ crucially in whether at least two
or only one ligand is needed to start the signaling
cascade. While this distinction is of little consequence
in terms of how much foreign antigen is needed to
drive a useful immune response, it is fundamental to
our understanding of the mechanism behind immune
cell activation.
Two issues have clouded the interpretation of past
experiments. First, earlier studies have depended on
an estimate of average ligand density on the APC.
Second, complex biological responses such as
cytokine production or cell division were measured,
rather than proximal TCR signaling events per se. In
the new study by Irvine et al. [1], both of these limita-
tions are overcome through the use of fluorescence-
based methods. The investigators used high-speed,
high-resolution, live-cell imaging to measure both the
number of fluorescent peptide–MHC class II ligands
available to a lymphocyte, as well as the Ca2+
responses of this cell over time. Use of this method
enabled the investigators to determine the specific
number of foreign ligands necessary to evoke either a
transient or a sustained biochemical response from
each of numerous individual lymphocytes under
various experimental conditions.
This simple description of the procedure belies the
technical hurdles that had to be overcome and the
myriad controls necessary to generate convincing
results. Perhaps the biggest question is whether the
method used for assessing the number of ligands on
the APC is robust and able to differentiate one from a
few complexes. Here the authors took advantage of a
monoclonal antibody [11] specific for the same
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cytochrome peptide–I-Ek MHC class II ligand that was
analyzed microscopically using streptavidin–phyco-
erythrin bound to MHC class II molecules containing
biotinylated cytochrome peptide. The number of com-
plexes detected with the antibody matched precisely
that determined by imaging streptavidin–phycoery-
thrin on antigen-bearing APCs, giving confidence that
the fluorescence labeling approach was not missing
ligands on the cell surface. Likewise, careful mea-
surements as well as theoretical consideration of
surface diffusion argued against the formation of
oligomers by the added multivalent streptavidin–phy-
coerythrin reagent.
Although the direct demonstration of signaling in
response to a single foreign ligand is the most obvious
of the results arising from this work, many other
aspects of T-cell activation are addressed in this
important study. For example, although one agonist
ligand was sufficient to generate a measurable bio-
chemical change in the T cell, sustained Ca2+ elevation
required at least 10 antigen complexes, suggesting this
number as the lower limit of sensitivity for functional
responses. Intriguingly, the number of TCRs needed
for the transition from incomplete to full signaling
closely matches the estimate arrived at years earlier
using synthetic oligomeric ligands to evoke responses
requiring persistent TCR signaling [5]. 
Perhaps of greater interest is the relationship
between the new findings and previous work showing
that T cells become 10–100-fold less sensitive to
antigen in the absence of expression or function of the
CD4 coreceptor [12,13]. A similar loss of sensitivity to
ligand at the proximal signaling level was observed by
Irvine et al. [1] when CD4 function was blocked, but
the surprising result was the shape of the
dose–response curve. Without CD4 function, full sig-
naling was not seen until a ligand density of 25–30
specific antigen complexes was reached, at which
point an abrupt response ensued with maximal sus-
tained Ca2+ elevation. The sharp transition from no to
full signaling in the absence of CD4 function implies
some form of co-operativity among engaged TCRs
and is reminiscent of other data from the Davis group,
which used quasi-elastic light scattering to demon-
strate formation of higher-order oligomers involving
soluble TCRs and peptide–MHC class II ligands [14].
CD4 is thus apparently needed for optimal sensitiv-
ity to ligand, but not for a maximal biochemical
response once enough TCRs are engaged. These
findings may explain the surprising finding of Krummel
et al. [15], namely the loss of CD4 colocalization with
the TCR a few minutes after ligand recognition begins.
During this time the engaged TCRs with associated
CD4 molecules become concentrated in a small
region of the T-cell–APC interface known as the
immunological synapse. Perhaps as the density of
engaged TCRs approaches that found in the present
study to give sustained Ca2+ responses, physical clus-
tering of engaged TCR leads to dislocation of the
associated CD4 without loss of signaling capacity.
Seen in this way, the coreceptor is a catalyst for T-cell
activation, promoting second messenger generation
upon contact of a T cell with an APC bearing dis-
persed ligands, without being required to sustain such
signaling over time once membrane protein reorgani-
zation results in the confinement of both TCRs and
associated ligands to a small area of the membrane.
The new results can therefore be viewed as integrat-
ing the two different models of TCR signal generation
described above — initial signaling involving het-
erodimerization of TCR and coreceptor, followed by
formation of an immunon composed of coreceptor-
free clustered TCR producing the sustained effects
necessary for gene activation.
Irvine et al. [1] have also extended recent observa-
tions showing that there is an accumulation of as
much as 20% of the total MHC class II protein in the
immunological synapse when only a few specific
foreign peptide–MHC class II ligands are bound to the
TCR. Wülfing et al. [16] previously proposed that self-
ligand complexes found at high concentration in the
synapse contribute to effective signaling, based on
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Figure 1. The pseudodimer model of
coreceptor-dependent T-cell receptor
activation.
The binding site of one TCR contacts a
single foreign peptide–MHC class II ligand.
This receptor–ligand complex then associ-
ates with the membrane-proximal domain
and possibly the transmembrane region of
CD4. Consequently, the Src family kinase
Lck bound to the cytoplasmic portion of
CD4 is brought into contact with substrate
sequences in the TCR-associated CD3ζ
chain, contributing to tyrosine phosphory-
lation of sites involved in downstream
signal transduction. In addition, the mem-
brane-distal portion of the CD4 protein
assumes a conformation that facilitates
binding to a second ligand. This lower
affinity ligand is composed of a self-
peptide bound to the same allelic form of
MHC class II molecule involved in foreign
peptide recognition. The result is a pseu-
dodimer of two TCRs and two MHC class
II ligands that results in effective signaling. 
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the ability of artificial non-stimulatory ligands to syn-
ergize with specific foreign antigen in activating T
cells. Davis and colleagues now refine this hypothesis
by proposing a specific molecular model for the puta-
tive contribution of self-ligand to T-cell activation.
They refer to a recent report showing that CD4 binds
MHC class II at an acute angle seemingly incompati-
ble with co-engagement of one CD4 molecule with
both the TCR and MHC portions of a single recep-
tor–ligand complex [17]. 
On the basis of these structural data, Irvine et al.
suggest that signaling sensitivity in T cells depends on
a novel ‘pseudodimer’ composed of a foreign antigen-
engaged TCR cross-linked by one CD4 molecule to a
different, self-ligand-binding TCR (Figure 1). Such a
model provides an explanation for why a high con-
centration of seemingly irrelevant MHC molecules at
the synaptic zone would favor effective T-cell activa-
tion, providing as it does a large number of self-
ligands for formation of these pseudodimers in the
presence of low numbers of foreign ligands. At the
same time, self-ligands on their own would be inca-
pable of triggering the T cell, because binding of the
kinase-linked tail of CD4 to a TCR is proposed to
require specific changes in TCR conformation that
only an avid (foreign) ligand provides.
While this hypothesis is extremely intriguing, it is
far from proven. For example, there is little evidence
for such a conformational change in the TCR in
various structural studies [18], although older experi-
ments by Janeway and colleagues using monoclonal
anti-receptor antibodies did suggest the existence of
a ligand-induced conformational change that pro-
moted association of the TCR with CD4 [19]. In addi-
tion, although artificial synthetic peptides ligands
lacking overt agonist function (‘null’ ligands) do
augment T-cell responses to stimulatory ligands,
authentic self-ligands have not yet been shown to
have this capacity [20].
There are many additional implications of this
groundbreaking study that cannot be addressed in
detail in this brief overview. At a minimum, the exper-
iments of Irvine et al. [1] has set a new standard for
probing the relationship between TCR ligand recog-
nition and cellular responses. Davis and co-workers
note in their paper that the sensitivity of T cells is
similar to that of the visual system, which generates
signals in response to a single photon. Given that the
immune system has been likened to a ‘sixth sense’,
quantitative studies such as this one are not simply
addressing the philosophical issue of ‘How many
angels can dance on the head of a pin?’ but provid-
ing fundamental insights into how small a change in
an organism’s environment can be reliably detected.
Further application of this high-resolution single-cell
approach will undoubtedly provide additional under-
standing of how T cells actually discriminate between
closely related ligands at the molecular level, pre-
cisely what contribution self-recognition does (or
does not) make to foreign antigen responses, and
what specific molecular complexes contribute to 
T-cell signaling at early and late stages of the activa-
tion process.
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